A system for the active compensation of magnetic field errors within ±2 ppm relative to the main field in superconducting magnets is proposed. A high-performance rotating coils system is exploited in order to combine high time resolution and integral field measurements. The compensation is based on an enhanced characterization of the corrector magnets and the measured field: this allows the system to be used as off-line reference in accelerator facilities. As an experimental case study, the measurement system and the procedure for compensating field errors of dipole magnets of the Large Hadron Collider at the European Organization for Nuclear Research (CERN) are illustrated.
INTRODUCTION
The evolution of particle accelerators has always stimulated new technology developments in many areas of research [1] . In particular, the continuous demand for increasing collision energy has led to a remarkable research effort in superconducting magnets. Nowadays, the predominant material used in superconducting magnet coils of high-performance accelerators is NbTi, owing to its straightforward coil winding and cost effectiveness [2] - [3] . The advent of a reliable Nb 3 Sn technology will increase the maximum value of the generated field to beyond 10 T for future needs [4] - [5] . However, superconducting magnets are affected by higher-order multipoles and anomalous dynamic behavior of the magnetic field [6] . In particle accelerators, the higher order multipoles present in the main dipole and quadrupole magnets must be compensated by corrector magnets to avoid particle loss or degradation of the beam lifetime. Undesired dynamic effects in the main dipole magnets lead to a field uncertainty of hundreds of ppm relative to the main field component. In addition, these effects are dominant at low field, i.e. during particle injection and acceleration when the emittance of the particle beam is large. In literature, this undesired dynamic behavior is mainly referred to as decay and snapback of the sextupole and decapole field components, in dipoles, and of the dodecapole field components, in quadrupoles [7] - [8] . In particular, the sextupole changes the beam chromaticity [9] , leading to beam instability (abnormal oscillation of particles' trajectories), and then to particle loss.
In the past years, the requirements to more strictly suppress field errors affecting the operation of high-quality accelerators have been successfully met by several control systems based on either feed-forward or direct feedback mechanisms [10] [11] [12] [13] [14] [15] [16] [17] . The main goal is to accurately tune the higher-order -namely sextupole, decapole, and dodecapole -superconducting corrector magnets.
The Hadron Electron Ring Accelerator (HERA) [10] was equipped with a measurement system based on rotating coils (giving a resolution of 20 ppm). It was mounted in reference magnets electrically connected in series with the main magnet chain in order to assess the contribution of the field multipoles from the main dipoles during the machine operation [11] . The insufficient metrological performance of this system pointed out the need for combining the data from reference magnets with direct beam measurements. For the Tevatron, the Proton-Antiproton Collider at Fermilab [12] , the principal method of compensating undesired magnet multipoles is a feed-forward system [13] . A feedback system based on reference magnets was considered too expensive initially [14] , and therefore, the feed forward system was improved by carrying out off-line measurements on several spare magnets [15] . This highlighted the need for enhanced measurement systems able to respond to the more and more stringent requirements dictated by the machine. For the Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN), a mixed system based on both a feed-forward mechanism and feedback from beam diagnostics is implemented [16] . The feed forward mechanism, the field description model of the LHC (FiDel) [17] , provides tools for predicting main and multipole magnetic field errors of the magnets in operational conditions, thereby reducing the required range of the feedback loops based on beam diagnostics [18] . However, the most recent experimental results from machine runs [19] have highlighted the need for improving the compensation to permit the full beam luminosity to be reached. The beam chromaticity will need to be controlled within 1 unit, corresponding to ±2 ppm of mismatch on the sextupole at a magnet reference radius of 17 mm in the 8.3 T twin aperture LHC dipoles [20] . The ratio between the bending strength of the main dipole magnets and the focusing strength of the quadrupole must be controlled within 15 ppm in order to limit tune changes to below 10 -2 during the whole beam cycle. Measurement systems existing at the time of the LHC construction are not suitable, due mainly a too low resolution, either in time domain [21] (harmonic coil techniques), or in space domain [22] (Hall probe detectors).
In this paper, a measurement system based on rotating coils, capable of actively compensating multipole field errors with a maximum residual value of ±2 ppm relative to the main field is proposed. The system keeps both the advantages of high time resolution and field measurements averaged over the full length of the magnets. In particular, in Section II, the theoretical background on field errors is reported, and in Section III, the proposed compensation procedure is presented. In Section IV, the measurement system set-up is described, and in Section V, an experimental case study related to the compensation of sextupole error in LHC dipole magnets at CERN is discussed.
II. THEORETICAL BACKGROUND ON FIELD ERRORS
The field in magnets of high-energy accelerators can be expressed by means of a 2-D complex harmonic expansion giving the multipoles integrated over the magnet length:
where R ref is the reference radius of the magnet, and, by convention B k and A k are the normal and skew field harmonic components, respectively. If the main field is either B i or A i , the magnet is referred as normal or skew of i-th order. Therefore, in (1), the components with k≠i are the undesired harmonic content or the field errors [23] .
In superconducting magnets, the field errors are of the order of 10 -4 of the main field at the reference radius R ref corresponding to the useful aperture for the beam. Therefore, (1) can be expressed as:
where B i is the main field, and b k and a k the multipole field error expressed in ppm, namely
The quality of the field is degraded by a few factors rendered unavoidable by the manufacturing process. The main sources, geometrical errors, iron saturation, superconductor magnetization, and coupling currents, lead to a nonlinearity and consequent unwanted multipole terms in the central field of the magnet bore [22] [23] [24] . Geometrical errors are minimized by careful design of the magnet cross section (iron yoke and coils). Saturation of the iron yoke at high fields results in multipole changes. Superconductor magnetization and coupling currents are related to the rate of change of the magnetic field: the magnetization is induced at the periphery of superconducting filaments and the coupling currents depend on inter-strand cable resistance. The multipole content can be modeled [25] and corrected by means of a suitable compensation scheme, namely by placing additional corrector magnets on the main winding, designed to provide a field strength equal and opposite to the multipole errors [26] . Detailed measurements are mandatory to build accurately enough these models, in particular for the dynamic or ramp rate induced effects.
The challenging task is to control the field of the correctors accurately in order to lower the residual value of the field errors as much as possible along the magnet length as a whole during its operation.
III. THE ACTIVE COMPENSATION
The basic idea of the proposed compensation is to cancel out the cumulated effect of the field multipoles unavoidable in superconducting magnets by finely tuning the field of the corrector magnets. The exact value of the compensating current required to power the correctors is to be computed from integral field measurements with a fine resolution over time. The generation of a field equal and opposite in sign to that of the unwanted multipole requires a high degree of accuracy (less than + 1 ppm), a fine resolution over time for the measurement of the field errors in the magnet, and the determination of the transfer function of the corrector magnet.
Synchronization at 20 ms of the magnet currents allows the residual mismatch between the field multipoles generated in the main and in the corrector magnets to be minimized.
The abovementioned requirements lead to the definition of an effective compensation procedure exploiting the features of a high-performance and fast rotating measurement system [27] .
In the following, (i) the analytical formulation, (ii) the system architecture, and (iii) the procedure governing the proposed active compensation are illustrated.
A. Analytical Formulation
The aim of the proposed compensation is to maintain the unwanted field multipoles below a few ppm, along the length of the superconducting magnet as a whole. Thus, the first step is to compute the integrated multipole as a function of time from the measurement data:
where , is the value of the k-th undesired harmonic either normal (b k ) or skew (a k ) (2), measured synchronously by the same encoder trigger source by means of n series of m(q) harmonic coils (referred as n "supersegments"), and where (L pq +bs) is the length of the p-th harmonic coil segment of the q-th supersegment of the measuring shaft, with bs the blank space between segments [21] .
Once the integral value of the desired component is available from (3), the current for the corrector magnet is computed:
where TF K is the transfer function of the corrector magnet of order k-th required to compensate the field error into the main magnet. TF K is computed from the results of field characterization measurements as:
namely, the mean of the ratio of the measured integral main field ̅ , of the corrector, for the corresponding supersegment, and the powering current I(t). The measurement is carried out by cycling the current from 0 A up to the maximum value acceptable by the corrector, followed by a downwards excursion to the opposite minimum and then back to 0 A.
Without compensation, Eq. (3) defines the unwanted multipole integrated over the length of the main magnet under test. The measurement of the corrector magnet, when powered, is covered by a supersegment, so that (3) evaluates the compensation.
B. System Architecture
In Fig. 1 , the architecture of the proposed compensation system is depicted. For the sake of clarity, the block diagram refers to a generic scenario where the unwanted multipoles in a 
C. Procedure
The procedure of the proposed active compensation is summarized in the flowchart of Fig. 2 .
The first step is to define the current pre-cycle of the particular magnet under test (MUT) because the field multipoles depend strongly on its magnetization history. The subsequent cycle allows the multipoles to be estimated as a function of time (without compensation): the MUT is powered and the measurement system is enabled (Start of the harmonic coil measurement).
Then, the correction process computes the currents required to power the correctors (Data

Analysis and Correction Procedure).
During the first iteration, the estimated current cycles are stored, and, from the second run, the new ones are defined as the difference between those first stored and the second ones (with a refinement by successive approximations). The procedure ends when the measured residual errors ℎ are below the target (of. 2 ppm) at any time during the powering cycle. 
IV. THE MEASUREMENT SYSTEM
The effectiveness of the proposed approach was tested experimentally during a case study of active compensation on the superconducting dipole magnets of LHC at CERN. In particular, the experiments for compensating the normal sextupole field error (B 3 ), which mainly degrade the field quality in a normal dipole (B 1 ), are illustrated.
The core of the compensation system in Fig. 1 is the equipment for harmonic measurements of coils [21] . A test station with the main aim of improving the bandwidth was developed specifically for measuring pulsed magnetic fields. In particular, high-speed rotating coils [28] and PXI Fast Digital voltage Integrator (FDI) [29] were developed. In Fig. 3 , the experimental set-up for the case study of a LHC dipole is illustrated.
Both apertures of the cryo-assembly are equipped with a rotating shaft slightly longer than the dipole under test. The shaft is made by 12 ceramic segments, each one holding 3 tangential, equal, and parallel sensing coils. Typically, the first coil is used to measure the dipole field component ("absolute" signal). The connection in series opposition with a second coil allows the dipole to be cancelled ("bucked" signal) and ensures higher SNR for the measurement of harmonic error components [30] . Board NI GPS PXI [31] . When a measurement is started, the Timing Board time-stamps the first triggers from the two channels of the encoder board with respect to its reference GPS. This allows the current readings, transmitted by the WorldFIP Gateway at 50 Hz, to be correctly synchronized with those of the sextupole (I correction ). The software for managing the measurement station and retrieving current readings is based on the Flexible Framework for Magnetic
Measurements [32] .
V. EXPERIMENTAL RESULTS
In this Section, (a) the sextupolar field dynamic errors, (b) the analysis of the measurement error, and (c) the compensation results are described.
A. Sextupolar field dynamic errors
The LHC dipole magnets are affected during their operation cycle (Fig. 4) by a hysteresis loop of the sextupole field component (Fig. 5 left) . In particular, the b 3 field multipole shows a slow decay in time domain during the low-field phase of particle injection (Fig. 5 right) . The decay is explained as an effect of the decrease of the filament magnetization of cable strands owing to a redistribution of the current between the strands [33] . Subsequently, as the field is ramped up for the beam acceleration, the b 3 snaps back to its initial value (referred as snapback phenomenon) within a small current interval. .The resulting field ramp re-establishes the filament magnetization i.e. the full penetration of persistent currents. The snapback is the most difficult part of the hysteresis loop as a whole to compensate. 
B. Analysis of the measurement error
In the proposed compensation, the achievable results depend mainly on a thorough for a fullscale of +10 V is ±7 ppm [34] . The resulting effect on normal harmonics (cosine terms) is maximum (e.g. ± 0.4·ppm of b 3 ) when the Fourier analysis starts from the null value of the signal over a turn, and minimum when the analysis starts from the maximum signal value (this is the opposite for skew terms).
(ii) Main field variation during ramp: The variation of the main field during a coil turn affects the measured value i.e. the harmonic terms obtained after the Fourier analysis.
This is referred to in metrology as "intrinsic uncertainty of measurand" or "definitional uncertainty" [35] . In the measurement conditions considered, the field variation over a turn generates an error up to ±1000 ppm of b 1 and ± 0.3 ppm of b 3 . The effect on the higher order harmonics can be neglected due to the high bucking ratio, about 1000, of the measurements coils.
On this basis, the capability of compensating b 3 down to 2·ppm is achieved by constraining the overall measurement uncertainty to below ± 1 ppm. By assuming the typical measurement conditions to be measuring shaft rotation speed 1 turn per second with 512 samples per turn of the flux signal, and a current ramp rate of 10 A/s, the residual uncertainty is shown not to exceed ± 0.8·ppm.
C Compensation achieved on a spare magnet
The measurement system (Fig. 3 ) was configured in order to provide suitable reference measurements for LHC [36] . The measurement setup and the overall procedure of compensation were extensively tested on a spare LHC magnet in the test station SM18 [37] . Due in particular to cryogenic constraints, such tests require lengthy preparation and are resource intensive. The goal is to improve the FiDeL magnetic model based on the measurements carried out during the reception test of the LHC magnets with a measurement system delivering only values for quasi static field.
The results analyzed here below are based on a maximum current of 6 kA in the main dipole, corresponding to the beam energy in LHC today. Measurements with a maximum current of 11.8 kA have also been performed. The cycle parameters are selected in order to maximize the snapback amplitude [25] : I prep =0 A, t pre =0 s, dI/dt=10 A/s, t FT =1000 s, and t inj =1000 s. In In Fig. 7b , the current for the sextupole correction as a function of time, computed at the first iteration, is shown (the dipole current is also shown for clarity). 
V. CONCLUSIONS
A system for the active compensation of field errors in superconducting magnets is presented. A generic iterative procedure based only on integral field measurements is tested and results in a residual uncertainty below +2 ppm of the main field. As an experimental case study, the sextupolar multipole, unavoidable in a LHC superconducting dipole magnet, is compensated to a high degree of precision by a specifically developed system. The experimental results show the effectiveness of the approach proposed and its potential as a new reference tool for improving the overall field quality of superconducting magnets.
Further work will be focused on (i) the implementation of the closed loop configuration of the system in order to automate the procedure, and (ii) experiments on Nb 3 Sn magnets in the framework of a comprehensive investigation of the new technology for the future [38] - [39] .
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